Abstract-There is a growing need for small size integrable phased antenna arrays for emerging satellite communications on-the-move applications. Traditional ferrite-based phase shifters are generally bulky due to the need of electromagnets for biasing, yielding them unsuitable for this kind of application. In this paper, a novel compact light-weight substrate integrated waveguide (SIW) based phase shifter realized in a multi-layer ferrite low-temperature co-fired ceramic package with embedded bias windings is reported. By using embedded windings and operating the material in a partially magnetized state, the required bias magnetic field could be significantly reduced from typically about 1000 Oe to less than 50 Oe. Moreover, the presented phase shifter has two modes of operations corresponding to two different biasing scenarios of the SIW, namely, symmetric and anti-symmetric bias. Under anti-symmetric bias, the phase shifter can achieve high nonreciprocal phase shift, whereas under symmetric bias, the phase shift is reciprocal, but the available phase shift is less than the anti-symmetric case. The fabricated prototype operates in the 11.5-13.5-GHz range and has a peak figure of merit (phase shift per decibel of loss) of 102 dB and a maximum phase shift per unit length of 153 cm, which are more than five times the previously reported figures for this technology. Due to the use of embedded windings, the presented phase shifter offers a huge size reduction from the order of cm to mm , making it particularly useful for mobile phased-array applications.
I. INTRODUCTION

P
HASED antenna arrays are widely used in a variety of applications such as imaging and communication systems, as well as different types of radars (automotive, weather, and military). Recently, increasing attention is given to lightweight and small footprint phased antenna arrays suitable for employment in mobile satellite communication-on-the-move user terminals that require smart antennas with controllable radiation direction [1] , [2] . Phase shifters are key components in such arrays as they are responsible for the beam-steering function. A phased antenna array can require hundreds or even thousands of phase shifters [3] . It is thus always desirable to find new phase shifters that are more integrable and of smaller size and weight in order to reduce the overall cost, obtain better form factor, and increase mobility of phased antenna arrays. Tunable microwave phase shifters have been implemented in several technologies such as monolithic microwave integrated circuits (MMICs), microelectromechanical systems (MEMS), and varactor diodes, as well as on tunable materials such as ferroelectrics and ferrites [4] . Among these technologies, ferrite waveguide based phased shifters are known to offer special merits in terms of achieving very low insertion loss ( 1 dB), obtaining higher phase shifter figure of merit (FoM), and better power handling relative to competing technologies [2] , [4] , [5] . However, due to their bulky nonplanar nature and the typical need for fitting of external coils and ferrite yokes to the waveguide, as illustrated in Fig. 1(a) , they are nonintegrable and produced as discrete units. For integration in phased antenna arrays, they often require complicated feed assemblies with metallic support structures, which add to the cost and weight of the array [3] . This renders them unsuitable for applications that require mobility such as satellite on-the-move communications.
Over the past decade, the concept of substrate integrated waveguide (SIW) gained increased popularity as an integrated replacement of rectangular waveguides [6] . It combines the advantages of a rectangular waveguide such as low loss and high quality factor while being compatible with planar, low-cost, and integrated microwave circuits [6] . Due to its aforementioned merits, it has been extensively employed to realize a variety of microwave components such as filters [7] , couplers [8] , and antennas [9] . Also, several works have reported combining SIW and bulk microwave ferrite materials, which are cut into slabs and inserted into a nonmagnetic substrate, as depicted in Fig. 1(b) to realize isolators [10] , switches [11] , circulators [12] , and phase shifters [13] . However, this approach suffers from two main drawbacks, which are: 1) the requirement for substrate machining that complicates the fabrication process and 2) the use of bulky coil systems, needed to generate the biasing magnetic field for the ferrite material, which limit the device mobility. Though this approach may be acceptable for developing standalone phase shifters, it is clearly infeasible for producing tens or hundreds of units for application in phased-array systems, especially since a separate electromagnet is required for each unit.
Recently, ferrite material has been introduced in low temperature co-fired ceramic (LTCC) multilayer packaging technology yielding LTCC packages made entirely of ferrite material with printed metal traces and vias. This enabled the realization of ferrite-based components such as tunable antennas [14] , [15] and filters [16] in a compact, lightweight, and mass-producible package. Since the biasing circuitry can be embedded in the ferrite package, as demonstrated in Fig. 1(c) , this eliminates the need for any bulky coil systems that is usually employed to bias the ferrite material and tune its properties. An additional benefit of embedding the bias windings inside the package is the removal of demagnetization effects 1 that occur in case of externally applied biasing magnetic field. This enables the properties of the material to be tuned using an internally generated magnetic field, which is about 5% of the typically required external field [14] .
To the authors' best knowledge, there have been only two reported publications on the use of ferrite LTCC for phase-shifter realization. The first is the paper by Stitzer [18] , which was mainly concerned about material modeling and presented little information about a planar strip-line phase-shifter prototype. The second is the one by Bray and Roy [19] , which presented the theory for a new nonreciprocal SIW phase shifter with high phase-shifting capability. However, the fabricated prototype did not perform well and could not meet the theoretical expectations achieving a measured FoM of about 15 dB and a phase-shift capability of 26 cm.
In this work, we demonstrate that a FoM close to 100 dB is achievable in this technology. A dual-operation phase-shifter design that can achieve nonreciprocal, as well as reciprocal operation is developed by utilizing symmetric and anti-symmetric biasing configurations, depicted in Fig. 2 , marking the first time a reciprocal ferrite-based phase shifter is realized in SIW technology. The reciprocal property is required for a phase shifter employed in simultaneous transmit/receive antenna arrays [20] , [21] . In addition, the device achieves better performance relative to the previously reported one, increasing the FoM by nearly six times, the normalized phase shift by about five times, and reducing required current by 25%. This paper is organized as follows. Section II introduces the theory and phase-shifting properties of symmetrically and 1 Demagnetization effects refer to the reduction of the external magnetic field applied to a ferrite material resulting in establishing an internal magnetic field within the material whose value is lower than the applied field. It is governed by , where is called the demagnetization factor [17] anti-symmetrically biased waveguides in partially magnetized state. In Section III, the simulation model is validated through comparison with the analytical results. In Section IV, design details, simulation model, and results of the developed SIW phase shifter are presented. Fabricated prototype characterization and comparison to simulated performance are discussed in Section V along with comparison against other ferrite-based phase shifters reported in the literature. In Section VI, the concluding remarks of this work are summarized.
II. SYMMETRICLY AND ANTI-SYMMETRICLY BIASED WAVEGUIDES IN PARTIALLY MAGNETIZED FERRITES
Ferrites phase shifters can be broadly classified into two categories. The first category includes phase shifters that operate in saturation and near the ferromagnetic resonance frequency such as [22] and [23] and the second category include those operating in the partially magnetized (unsaturated) state such as [24] . Operation near will enable large changes in the ferrite permeability tensor to be achieved, and consequently, large phase shifts. However, ferrite materials near are very lossy and generally large biasing magnetic fields ( 1 kOe) are required to position the resonance in the gigahertz frequency range ( ). On the other hand, operation in a partially magnetized state does not require such high magnetic field for biasing, where the ferrite properties can be dynamically tuned by driving the magnetization state of the material between the unmagnetized state ( ) and the saturated state ( ), which typically requires low bias fields ( 100 Oe) for soft ferrite materials. An important limitation of using unsaturated ferrites is the need to operate above the material's magnetization frequency ( MHz G ) to avoid low-field losses [25] , [26] . In this work, the phase shifter is designed to be operated in partially magnetized state ( ) to minimize the bias field requirements. Section II-A will elaborate on the properties of partially magnetized ferrites and their models.
A. Ferrites in Partially Magnetized State
Different from saturated ferrite materials, in which all domains magnetizations are aligned and whose properties are mainly dependent on the internal magnetic field according to the well-known Polder's tensor [17] , partially magnetized ferrites are composed of domains, which are random in shape and not fully aligned, but associated with a net magnetization . This leads to complications in modeling the material that always involves spatial averaging [27] . In a completely demagnetized state ( ), the material is characterized by a scalar relative permeability . Under the assumption of cylindrical domains, Schlömann [28] derived the expression in (1), which was later found to be in good agreement with experimental data
When the material is magnetized ( ), the permeability has the form of a gyrotropic tensor similar to Polder's tensor. The tensor permeability for a -biased partially magnetized ferrite is given in (2), diagonal elements are usually expressed using the empirical equations of Green and Sandy [29] given by (3) and (4) as follows:
The off-diagonal term is given by (5) [15] . Here, the factor is present to account for deviations from the commonly used expression for , known as Rado's formula [30] , which is valid when [27] . In this form, the expression could be used to express for frequencies close to, as well as far above, ,
B. Anti-Symmetric Bias
A ferrite-filled rectangular waveguide biased anti-symmetrically, with oppositely directed bias field (or magnetization) for and , as illustrated in Fig. 2 (a), has been shown theoretically to possess large phase-shifting capability [19] . In the absence of loss, the dispersion relation for the -like mode is given by (6) [19] , where is called the extraordinary wavenumber and is the effective permeability experienced by a wave propagating through a transversely biased ferrite and with the dc bias magnetic field orthogonal to the microwave magnetic field [17] , (6) This equation can be solved for its roots representing the propagation constant for each frequency and magnetization sate. In general there will be two distinct roots representing the two possible propagation directions. A demonstrating example showing the effect of biasing on the dispersion diagram for anti-symmetric bias is illustrated in Fig. 3(a) . As can be seen, in the unbiased state, the dispersion diagram is symmetric around the axis and the propagation constants in opposite direction ( ) are equal in magnitude indicating reciprocal propagation. When the guide is anti-symmetrically biased in a clockwise or counterclockwise sense, the dispersion curve loses its symmetry yielding unequal propagation constants at a given frequency. The maximum phase shift for a given propagation direction in this configuration occurs when the guide is switched between saturation in a clockwise sense to saturation in a counterclockwise sense (indicated on the figure as and ).
C. Symmetric Bias
If a ferrite-filled waveguide is biased symmetrically with respect to its transverse plane ( ), as shown in Fig. 2(b) , the structure becomes invariant to 180 rotation about its central transverse axis (passing through point O), which would yield reciprocal propagation characteristics [31] . Assuming that does not vary with position and ignoring losses, the following simple dispersion equation can be obtained assuming a -like mode:
For a given frequency (above cutoff) and magnetization state, this dispersion relation always admits two real roots of opposite sign ( ). Fig. 3(b) demonstrates the symmetry of the dispersion diagram with respect to the frequency axis in the unbiased state as well as in the biased state (in contrast to the anti-symmetric biasing case). Here the maximum reciprocal phase shift occurs when the material is switched between the unbiased and saturated case. The phase shift per centimeter is calculated as where the subscript for carries no significance in the reciprocal case and thus has been dropped.
III. SIMULATION MODEL VALIDATION
As mentioned earlier, here we intend to design the phase shifter with the ferrite material being partially magnetized to minimize the required bias magnetic field. This fact complicates the material modeling in popular commercial simulators, which do not offer such material definition. This problem was solved by using custom full-tensor material definition in CST Microwave Studio. Before going directly into simulating the actual scenario of a SIW with realistic biasing profile generated by actual coils, we first consider a hypothetical idealistic scenario of a rectangular waveguide under uniform symmetric and anti-symmetric magnetization and assuming that no losses are present. The advantage of doing so is that under these conditions the problem could be solved using CST and then directly compared with the solution of analytical equations given in the previous section. This helps to verify the correctness of the simulation results before going into simulating the actual scenario.
The hypothetical waveguide has the same dimensions and material parameter as those stated in the caption of Fig. 3 . The structure is then simulated with the ferrite being partially magnetized to different percentages for both symmetric and antisymmetric biasing configurations. The resulting phase shift is obtained and plotted in Fig. 4 . To obtain the phase shift predicted by the analytical equations, MATLAB has been used to solve for the roots of (7) and (6) and to compute the resulting phase shift for the same set of dimensions and material parameters as those used in the CST model. The results coming from solving the analytical equations are then plotted in the same figure for comparison with those obtained from CST simulations. As can be seen, perfect agreement exists between them for all biased magnetization levels and for both symmetric and anti-symmetric biasing. This verification step gives us confidence in the simulation tool when simulating the following more complex scenario of the complete SIW phase shifter.
It is worth mentioning here that though symmetric biasing yields reciprocal phase characteristics, the maximum available reciprocal phase shift is about three times lower than the nonreciprocal phase shift provided by anti-symmetric bias. This is expected because in symmetric bias the dc static field does not change sign with change of sense of rotation of the RF magnetic field ( changes sign across for each propagation direction [17] , [21] ) so instead of strong interaction with one direction of RF propagation and minor interaction with the opposite direction in case of anti-symmetric bias, an average interaction occurs for both directions.
IV. SIW PHASE SHIFTER
For actual realization, the ferrite LTCC material used in this work is the ESL-40012 tape system provided by electro-science. This material has been characterized for its magneto-static properties in [32] - [34] and has been shown to have a in the range from 3000 to 4000 G ( GHz). Differences are probably attributed to the preparation method (firing temperature profile and lamination pressure). Characterization of a sample from our manufacturer (VTT-Electronics) of a ten-layer stack with 145-m-thick tape (green tape thickness) revealed that the saturation magnetization is close to 3500 G ( GHz). This implies that low field losses that occur when the material is partially magnetized could be avoided by operating at frequencies above 10 GHz. The values for and were assumed to be 14.8 and 5 10 based on the previous characterization done by [34] . For the magneto-static simulations, the initial -curve is required to model the material nonlinearity, the curve from [34] has been utilized as a good approximation.
The designed phase-shifter structure is shown in Fig. 5 . It is built in a ten-layer LTCC stack (fired layer thickness is 110 m) with the SIW occupying the fifth layer. The SIW is 11-mm long with a via center-to-center width of 4.5 mm to yield a cutoff frequency of about 11 GHz. The RF signal is fed through a ground-signal-ground (GSG) launcher that is connected to a microstrip line in layer 5, a tapered transition optimized for operation in the 11.5-13.5-GHz band is then employed to guide the wave into the SIW. In order to achieve symmetric and anti-symmetric biasing profiles, an embedded biasing circuit consisting of two solenoid-like coils, placed in odd symmetry about the SIW's central transverse axis, has been integrated with the structure as shown in Fig. 5(b) . The coils can be independently driven by currents and thus the direction of the generated or by each one can be controlled based on the direction of current flow (clockwise or counter clockwise). Each coil occupies eight layers, with three turns in each layer using 250-m-wide traces with 50-m space between turns in the same layer. Vias with 150-m diameter were used to interconnect windings in different layers.
Using CST EM Studio, the magnetization is obtained for each current excitation. A 2-D plot of the generated magnetization profile at the mid-plane of the fifth layer, where the SIW resides, is illustrated in Fig. 6 . As can be seen, the profile of the magnetization is generally anti-symmetric in case of opposite current excitation of the coils and symmetric in case of parallel current excitation. An important point to note here is that not all parts of the SIW substrate are getting magnetized to the same level, but the magnetization strength is generally position dependent.
Following the evaluation of the magnetization for each excitation current, the phase shift resulting from each current needs to be obtained by feeding the magnetization generated by that current to CST microwave studio. However, due to the nonuniform nature of the generated magnetization this could not be directly done. This is because the partially magnetized material permeability tensor definition in the microwave simulator is not allowed to have a spatial dependence and it takes only a single magnetization value per defined volume. To overcome this, we divided the cross section into major regions and modeled each region as a uniformly biased material using the average magnetization calculated for that region. The procedure to obtain the phase shift resulting from a given current is illustrated in Fig. 7 . In the case of anti-symmetric bias, the material is divided into six major regions, as depicted in Fig. 6 , these are: region (A and its image A ) representing the main biased portion of the SIW and the small return of flux path regions (R, R ) that take place towards the coil ends and they nearly extend over a length of about 0.5 mm. Nearly the same has been done in the symmetric case with the exception that the main biased portion of the SIW is divided into three major regions (B-A-B), the magnetization level in region B is nearly the same as in region A, but in the opposite direction. The average magnetization in each region is plotted in Fig. 8 , note that the magnetization in region A is same as in A, but with a negative sign. Other than the regions defined in Fig. 6 , the remaining portion of the substrate is modeled using unbiased material (M ). Note that although in the symmetric bias case region R is not strictly evenly symmetric, as is the case with the main region (B-A-B), the whole structure still retains 180 rotation symmetry about the center point of the plane (origin in Fig. 6 ) and reciprocity is thus maintained. Under a relatively small bias current of 0.5 A, the magnetization level in the main biased area can reach about 2000 G, as shown in Fig. 8 . Although increasing the current further should increase the magnetization, and as a result, the phase shift, in practice it is not likely that the printed thin conductor traces ( 3 m) can handle reliably currents in excess of 0.5 A. The obtained phase shift for each current, as well as the device S-parameters, are presented in Section V with their corresponding measured results.
V. MEASUREMENTS AND RESULTS
A. S-Parameters Measurements
The design has been fabricated in VTT's LTCC foundry and the module photograph is shown in Fig. 9(a) . Characterization was carried out for the device performance under biased and unbiased conditions using an Agilent PNA series vector network analyzer. The RF signal is launched through coplanar waveguide (CPW) probes contacting the GSG pads on the top layer. For biasing, four dc probes connected to an Agilent E3631 dc power supply have been utilized. The experimental setup is illustrated in Fig. 9(b) . First, the S-parameters were measured with no current being applied to any of the windings. The results are illustrated in Fig. 10 with the corresponding simulated ones. As can be seen, a very good agreement exists between them. The device is well matched at both ports over the 11.5-13.5-GHz band, and the insertion loss is better than 3.5 dB throughout that range, with minimum loss of 2.3 dB at 12.9 GHz.
For phase-shift measurements, the current has been incremented up until 400 mA in steps of 50 mA for both bias configurations (symmetric and anti-symmetric) with the S-parameters being recorded each time. The reciprocal phase shift is then calculated as , while the nonreciprocal one is calculated as . The results for phase shift versus current and frequency under anti-symmetric and symmetric bias are shown in Figs. 11 and 12 , respectively. The results indicate that the phase shifter achieves a nonreciprocal phase shift of 122 (153 /cm) and reciprocal phase shift of 58 (73 /cm) at 11.5 GHz with a maximum current of 400 mA.
Also, as can be observed, the measured results agree with the simulated ones to a good extent. In both bias scenarios, the simulation results predict well the trend of phase shift against current and frequency. There is, however, a lean of simulated phase shift to be about 5%-10% lower than the measured ones. A possible explanation for this might be an inaccuracy of the initial -curve used in modeling the material in the simulator, as the measurements indicate that the actual magnetization level is higher than expected for a given current, which may come from underestimation of originating from a given in the material's -curve. Also, the approximation carried out in simulating the biasing profile in the simulator is expected to cause some deviation. Nevertheless, given the multiple factors involved and the problem complexity, we believe the results are satisfactorily well predicted.
For phased antenna array applications, a phase shifter is required to achieve 360 of tunable phase shift. The large phase shift per unit length demonstrated by this prototype (153 /cm at a bias current of 0.4 A) implies that a 360 phase shifter can be easily achieved by using a length of 2.4 cm while maintaining the same bias current value. Obtaining 360 in a shorter length is also possible at the cost of increased power/current consumption. By increasing the applied dc current to 1.25 A, simulations indicate that the magnetization level can be driven to saturation ( ), which will result in increasing the phase shift per unit length to 220 /cm. This allows realizing a 360 phase shifter in a length of 1.7 cm (360 220 ). In the fabricated prototype, the bias windings were composed of rather thin and narrow traces, which limited their current-handling capability. As a result, the phase shifter could only be tested with bias current up to 0.4 A.
It is worth mentioning that the measured windings resistance was high 30 (15 per solenoid) due to using a thin narrow trace for the windings (3 m by 250 m) that resulted in a maximum dc power consumption of about 4.8 W. It is expected, however, that this power can be brought down to about 150 mW by using thicker and wider windings (12 m by 500 m) and increasing the number of turns per layer and number of layers (six turns/layer for 16 layers) dedicated for the windings To better judge the performance, the FoM has been calculated for the core SIW section with the exclusion of the feeding losses coming from launchers and transitions (estimated at 1.3 dB), which are actually not a part of the phase shifter. The results, depicted in Fig. 13 , reveals that the FoM is nearly 100 dB over the 12-13-GHz band for the nonreciprocal case and about 40 dB for the reciprocal case. These results indicate a significant improvement for this technology.
As can be seen in Fig. 14 , the device insertion loss is generally stable over the 12-13-GHz band with less than 0.5 dB of variation under both biasing scenarios. Also, matching better than 10 dB is maintained over the 11.5-13.2-GHz band at both ports, which represent (13.7%) impedance bandwidth. It worth noting that during the measurements for the reciprocal case, the phase of and were not exactly identical, as has been the case in simulations. A small frequency and bias varying difference was observed that we refer to as reciprocal phase-shift error . To get a measure of this error, it has been quantified based on its root mean square (rms) value averaged over a frequency band (11-13.5 GHz) and bias (0-400 mA) according to (8) , where and refer to the number of current and frequency samples, respectively. This error has been found to have a rms value of 1.5 and a peak value of 4.8 . It is probably coming from small perturbation of the symmetry due to fabrication tolerances and also due to noise in measurements, which was found to cause a of about 0.5 for a measured thru standard,
B. High Power and Nonlinearity Measurements
In ferrite materials, if the microwave magnetic field strength exceeds a critical value, spinwaves are generated. Spinwaves increase the attenuation of the ferrite material and also give rise to nonlinear effects [26] . Since the microwave signal power is proportional to the square of the magnetic field strength, spinwaves generation sets a maximum microwave power that the device can handle without suffering from performance deterioration. It is thus important to characterize ferrite phase-shifter performance at high power levels. The setup, shown in Fig. 15 , has been used to evaluate the device performance (insertion loss and linearity) at high power levels.
For testing the power-handling capability, the input microwave signal power has been swept over the range of 5 to 31 dBm. The insertion loss has been measured at 12.4 GHz under unbiased and biased conditions. The results of the symmetric biasing under different bias current values are depicted in Fig. 16 . The results for the anti-symmetric bias are very similar to the symmetric case. Hence, they are not included here for brevity. As can be seen in Fig. 16 , the insertion loss is stable with less than 0.5 dB of variation up to the maximum input power of our setup ( 1.2 W). This implies that the device can operate at such high power with good performance.
In order to assess the extent of nonlinearity of the device, a two-tone test has been carried out to measure the device's third-order input intercept point ( ). The block diagram of the measurement setup is demonstrated in Fig. 15 . As a first step, a thru standard has been used as a DUT to establish a reference reading. The phase shifter is then placed as the DUT and is characterized. The measurements results, depicted in Fig. 17 , indicate an of 40.5 dBm for the phase shifter. This value includes not only the nonlinearity of the phase shifter, but also that of the power amplifier. As can be seen from the figure, in the case of a thru standard DUT, there still exists intermodulation products (coming from the power amplifier) that cause an of 41 dBm. This means that the phase shifter caused only a slight increase in the nonlinearity (compared to the case of the thru), as the only decreased by 0.5 dB. Therefore, it can be concluded that the device exhibits fairly high linearity with an value of at least 40.5 dBm.
C. Comments and Discussion
Comparison with planar substrate-based ferrite phase shifters existing in the literature is illustrated in Table I . Relative to the prior work employing/using SIW in ferrite LTCC technology in Fig. 17 . Measured third-order intercept point (black lines are for a thru as a DUT and blue lines (in online version) are for the phase shifter as a DUT). [19] , it can be observed that we achieved more than five times the phase shift per unit length, higher bandwidth, and overall much better FoM (six times for anti-symmetric bias) and added the capability of providing reciprocal phase shifting. In addition, we used lower maximum current value of 400 mA compared to 500 mA used in [19] . The performance of the presented phase shifter even compares well with the one in [13] , which used hybrid implementation of a SIW on a machined Duroid substrate that had an inserted ferrite slab. It is important to mention that [13] required huge external magnetic field for tuning of 2400 Oe, which is nearly 50 times the magnetic field we require. This huge magnetic field is unlikely to be generated using small coil systems and requires an electromagnet making the overall size of that phase shifter lie in the order of cm .
The presented phase shifter has a better insertion loss, FoM, and phase shift per unit length relative to microstrip competitors in [23] , [24] , [35] , and [36] , which used either coils with magnetic yokes for biasing or electromagnets. Note that in [24] and [35] , yttrium-iron-garnet (YIG) substrates were used, which is a known microwave-ferrite material with optimized properties for microwave operation (very low loss, ) far superior to the non-optimized ESL-40012 ferrite LTCC tape used in this work that has been originally developed as a high-permeability tape for implementing inductors operating at few hundred megahertz.
To give an idea of the size of required coil system for biasing, in [36] a 2000-turn coil was required to produce a 100-Oe field for biasing a 13-GHz phase shifter (8.9 4 0.7 mm ), and it occupied a size of 6 cm . Also, in [23] , a 1000-turn coil system was required to produce a 1000-Oe field to bias a 3-GHz phase shifter (70 7 5 mm ) that occupied 137 cm , and even with the use of 1000 turns, a large current of 7.2 A was required. In this work, as a result of using embedded bias winding systems and operating the material in a partially magnetized state, the employed bias magnetic field is on average about 25 Oe, which is significantly lower than the bias field used in [13] and [23] . In addition, the coils consist of about 48 turns with a current of 0.4 A and occupying a volume of about 85 mm (0.085 cm ), which shows the huge size saving when compared to the 6-cm coil used to bias a similar phase shifter at 13 GHz. This shows the clear size advantage of the presented phase shifter, as well as its suitability for use in integrated mobile phased arrays.
In addition, the phase shifter, based on preliminary characterization, has been found to handle up to 1.2 W of input power with no signs of compression of the output and with less than 0.5 dB of insertion loss variation. It is expected that the device can handle several watts of input power, making it suitable for high-power applications.
VI. CONCLUSION
In this paper, we have presented a novel SIW phase shifter in ferrite LTCC technology suitable for integration with on-package phased antenna arrays. It is capable of achieving nonreciprocal as well as reciprocal phase shifting by employing anti-symmetric and symmetric bias profiles, respectively. These profiles have been realized by using bias windings embedded within the LTCC package. The phase shifter operates in the partially magnetized state of the ferrite material, and thus requires low magnetic fields for tuning. The fabricated prototype exhibited good phase shift per unit length (153 and 73) cm and maximum FoM of (102 and 39) cm for the nonreciprocal and reciprocal phase shifting, which surpasses the previously reported figures using this technology. The presented design is compact, low profile, offers easy integration to antennas, and is mass producible using the LTCC process, making it a good candidate for mobile phased antenna array implementations.
